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evaluated these effects using resting state functional connectivity MRI in mild to moderate
stage Parkinson's patients on and off .-DOPA and age-matched controls using six different
striatal seed regions.\We observed an overall increase in the strength of cortico-striatal functional
connectivity in PD patients off .-DOPA compared to controls. This enhanced connectivity was
down-regulated by .-DOPA as shown by an overall decrease in connectivity strength, particularly
within motor cortical regions. \We also performed a frequency content analysis of the BOLD
signal time course extracted from the six striatal seed regions. PD off L-DOPA exhibited
increased power in the frequency band 0.02-0.05 Hz compared to controls and to PD on
L-DOPA.The L-DOPA associated decrease in the power of this frequency range modulated the
L-DOPA associated decrease in connectivity strength between striatal seeds and the thalamus.
In addition, the L-DOPA associated decrease in power in this frequency band correlated with
the L-DOPA associated improvement in cognitive performance. Our results demonstrate that
PD and .-DOPA modulate striatal resting state BOLD signal oscillations and cortico-striatal
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative dis-
order associated with predominantly motor symptoms such as
tremor, slowness of movement, rigidity, and difficulties with gait
and balance, although cognitive and affective symptoms also occur
(Shohamy et al., 2006; Caballol et al., 2007). The Braak staging
system describes PD as a schema of ascending pathology, beginning
in the lower brain stem and anterior olfactory structures, progress-
ing to the basal mid- and forebrain nuclei, and then to the cortex
(Braak et al., 2003, 2006). In stage 3 of the Braak system, when
motor symptoms first begin to appear, the neuropathology of PD
is characterized by a loss of dopaminergic neurons in the substantia
nigra pars compacta and the ventral tegmental area with degenera-
tion of the striatal nerve terminals (Braak et al., 2006).

One consistent pathophysiological hallmark of PD is an increase
in spontaneous oscillatory activity in the basal ganglia thalamo-
cortical networks (Gatev et al., 2006; Hammond et al., 2007). This
increase in neural oscillatory activity is most prominent in the
10-35 Hz range (beta frequency band) and is often observed in
local field potential recordings from the subthalamic nucleus (STN)
(Kuhn et al., 2004, 2006; Foffani et al., 2005). Dopaminergic treat-
ment suppresses this abnormally heightened oscillatory neural

activity (Brown et al., 2001; Levy et al., 2002). Recently, EEG and
MEG studies have shown that the increase in subcortical oscillatory
activity is associated with increased intracortical coupling of neural
activity, which is correlated with disease severity (Williams et al.,
2002; Silberstein et al., 2005; Stoffers et al., 2008; Stam, 2010). For
example, Stoffers et al. (2008) used MEG to explore how resting
state cortical functional connectivity evolves over the course of PD.
They found that even in recently diagnosed drug-naive patients,
there was an increase in correlations between time series in the
alpha 1 frequency band measured by synchronization likelihood.
Moreover, disease severity was correlated with theta and beta band
synchronization (Stoffers et al., 2008). Silberstein et al. (2005) also
found that EEG coherence in the 10-35 Hz range correlated with
PD symptom severity (as measured via UPDRS). Treatments such as
L-DOPA or DBS reduce this coherence, and the degree of reduction
is correlated with clinical improvement (Silberstein et al., 2005).
Resting state functional connectivity MRI (fcMRI) is a non-
invasive imaging technique with good spatial resolution. It identi-
fies brain regions exhibiting correlated patterns of spontaneously
occurring, slow changes in brain activity. Brain regions with similar
functions and known anatomical connections have shown strong
correlations in the low frequency blood oxygen level dependent
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(BOLD) signal when participants are at rest (Fox and Raichle, 2007;
Rogers et al., 2007; Vincent et al., 2007). Given its non-invasive
nature, it can be used to study network functional connectivity
in mild to moderate stage PD patients, as opposed to the intra-
operative recordings that are restricted to more advanced stage PD
patients. Examples of functional networks that have been identified
with fcMRIin healthy individuals include motor cortical networks
(Biswal et al., 1995; Peltier et al., 2005), cortico-striatal networks
(Di Martino et al., 2008; Kelly et al., 2009), and the default mode
network (Greicius et al., 2008, 2009). Resting state connectivity
networks exhibit stability across data sets collected from different
participants using differing acquisition parameters, locations, and
scanners (Biswal et al., 2010) making the approach well-suited for
future large scale clinical studies.

A recent fcMRI study identified distinctive cognitive, motor, and
reward cortico-striatal circuitries (based on connectivity between
individual striatal seed regions and their cortical projection tar-
gets) in healthy young adults (Di Martino etal., 2008). A follow-up
study by the same group documented that these connectivity pat-
terns are modulated by L-DOPA administration in healthy young
adults (Kelly et al., 2009). In their study, functional connectivity
between the putamen and cerebellum and between the inferior
ventral striatum and the ventrolateral prefrontal cortex increased
with L-DOPA administration, whereas ventral striatum and dorsal
caudate connectivity with the default mode network decreased. This
group interpreted that L-DOPA significantly changes the motor and
cognitive networks of the cortico-striatal pathways.

Cortico-striatal networks have also been examined in PD
using fcMRI ( Wu et al., 2009; Helmich et al., 2010). Both studies
found that compared to controls, PD patients showed increased
functional connectivity in some cortico-striatal networks, and
decreased connectivity in others. However, these studies only
compared PD patients in the OFF medication state to controls
and did not examine changes in connectivity patterns with
dopaminergic medication.

In the current study, we investigated differences in cortico-striatal
functional connectivity networks between PD patients and age
matched controls, using the seed regions employed by Di Martino
et al. (2008) and Kelly et al. (2009). Considering the abnormal
coherence of cortico-striatal oscillatory activity reported in studies
that used EEG and/or local field potential recordings (Williams
et al., 2002; Kuhn et al., 2004, 2006; Foffani et al., 2005; Silberstein
etal., 2005; Stoffers et al., 2008; Stam, 2010), we hypothesized that
PD patients would exhibit hyperconnectivity of cortico-striatal
networks in comparison to controls, and that a clinically relevant
dose of L-DOPA would alleviate this hyperconnectivity. Given that
PD patients exhibit increased oscillatory neural activity primarily
in the alpha and beta frequency bands when off medication (Priori
etal.,2004), we analyzed the frequency content of the resting state
BOLD signal in the striatal seed regions. Recent work using simul-
taneous EEG-fMRI demonstrates that changes in the alpha and
beta frequency content of neuronal activity are reflected in the
BOLD signal (Goldman et al., 2002; Laufs et al., 2003; Moosmann
et al., 2003; Laufs, 2008; Rosa et al., 2010). We hypothesized that
frequency content of the resting state BOLD signal extracted from
the seed regions would be different in PD off L-DOPA compared
to controls and to PD on L-DOPA. Furthermore, we predicted that

the L-DOPA associated change in the frequency content would
modulate the L-DOPA associated change in cortico-striatal func-
tional connectivity.

MATERIALS AND METHODS

PARTICIPANTS

Twenty-five mild to moderate stage (Hoehn and Yahr stages 1-2.5)
(Hoehn and Yahr, 1967) PD patients (64 + 8 years, 3 females) and 24
age- and gender-matched healthy controls (63 = 7 years, 5 females)
participated in the study. Patients were evaluated using the motor
section of the Unified Parkinson’s Disease Rating Scale (UPDRS)
(Fahn et al., 1987) by a neurologist. The more affected body side
was determined by asking each PD patient and was confirmed by
the neurologist’s rating. All study participants underwent the Mini-
Mental State Exam (MMSE) (Folstein et al., 1975), the Montreal
Cognitive Assessment (MOCA) (Nasreddine et al., 2005) and the
grooved pegboard test (Lafayette Instruments, Lafayette, IN) to
measure general cognitive and motor abilities. Performance on the
grooved pegboard test has been shown to be associated with indi-
vidual PD patients’ dopaminergic denervation levels, as indicated
by ["'C]beta-CFT PET scans (Bohnen et al., 2007). These clinical
assessments were acquired for patients in both the ON and OFF
medication states on separate days in a counterbalanced order. The
demographic and clinical characteristics of the patients are listed in
Table S1 in Supplementary Material. All of our participants were
diagnosed within 15 years and were in the mild to moderate stage
of the disease as shown by the Hoehn and Yahr scale (Hoehn and
Yahr, 1967). Participants signed a consent form approved by the
Institutional Review Board of the University of Michigan prior to
participation, and were compensated for their participation. All
experimental procedures were conducted in accordance with the
Institutional Review Board of the University of Michigan.

PROCEDURE

Parkinson’s disease patients completed two testing days corre-
sponding to the ON and OFF medication states. Thirteen patients
were tested ON first and 12 OFF first. We used a single-blind pla-
cebo controlled design using a single dose of L-DOPA. PD patients
attended both testing days in the OFF state achieved by withdrawal
from medication 12-18 h prior to testing. For the ON testing day,
patients received a 50 mg dose of carbidopa followed by a sin-
gle dose of L-DOPA in combination with carbidopa (200 mg of
L-DOPA and an additional 50 mg of carbidopa). For the OFF testing
day, they received placebo medications following the same time
schedule in combination with the 50 mg of carbidopa. All study
procedures began 1 h after the patient had taken either L-DOPA or
the placebo, by which time L-DOPA reaches its peak plasma dose.
Control participants underwent a single testing session without
any medication procedure.

fMRI DATA ACQUISITION

fMRI data were collected from a 3 T GE Signa MRI scanner at
the University of Michigan. A single-shot gradient-echo (GRE)
reverse spiral pulse sequence (Glover and Law, 2001) was used to
collect 240 T2* — weighted BOLD images (TR = 2 s, TE = 30 ms,
flip angle = 90°, FOV = 220 mm X 220 mm, voxel size = 3.4 mm
X 3.4 mm X 3.2 mm, 40 axial slices). For the structural images, a
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3D T1 axial overlay (TR = 8.9 ms, TE = 1.8 ms, flip angle = 15°,
FOV = 260 mm X 260 mm, slice thickness = 1.4 mm, 124 slices;
matrix = 256 X 160) was acquired for anatomical localization. To
facilitate normalization, a 110 sliced (sagittal) inversion-prepped
T1-weighted anatomical image using spoiled gradient-recalled
acquisition in steady state (SPGR) imaging (flip angle = 15°,
FOV = FOV = 260 mm X 260 mm, 1.4 mm slice thickness) was
acquired. A visual fixation cross was presented to the subject using
arear projection visual display. Participants were instructed to keep
their eyes centered on the cross and to not think about anything in
particular. The duration of data collection was 8 min. A pressure
belt was placed around the abdomen of each subject to monitor
the respiratory signal. A pulse oximeter was placed on the subject’s
finger to monitor the cardiac signal. The respiratory, cardiac, and
fMRI data collection were synchronized.

fMRI DATA ANALYSIS

The acquired functional MRI data were preprocessed as part of the
standard processing stream at the University of Michigan. First,
k-space outliers in the raw data time course greater than two stand-
ard deviations from the mean were replaced with the average of
their temporal neighbors. Second, images were reconstructed using
field map correction to remove distortions from magnetic field
inhomogeneity. Third, physiological variations in the data from the
cardiac and respiratory rhythms were removed using a regression
analysis (Glover et al., 2000). This approach removed the effects
of the first and second order harmonics of the externally collected
physiological waveforms. Fourth, slice timing differences were
then corrected using local sinc interpolation (Oppenheim et al.,
1999). Finally, we used MCFLIRT in the fMRIB Software Library
(Jenkinson et al., 2002) to perform motion correction (using the
10th image volume as the reference). For all participants, head
motion was less than 3 mm in the x, y, or z direction.

The preprocessed data were then normalized to MNI space using
SPM5 (Wellcome Department of Cognitive Neurology, London,
UK; http://www.fil.ion.ucl.ac.uk). We first registered the 3D T1
axial overlay to the functional images and then registered the
high-resolution SPGR image to T1 overlay. The transformation
to align the SPGR image to the MNI template was finally applied
to the functional data. In order to have all of the PD patients’ pre-
dominantly disease affected hemisphere aligned, we flipped the
x direction (i.e., left-right direction) of both the 240 functional
images and the anatomical images for the 7 left-side more affected
patients before spatial normalization. The results are presented with
the left side of the images reflecting patients’ more affected brain
hemisphere. The same proportion of control subject images was
also flipped in the x direction.

The following procedures were used to generate functional con-
nectivity images (low frequency time course correlation maps).
First, the data were low-pass filtered by convolving the time courses
with a rectangular filter with a cutoff frequency of 0.08 Hz, in
order to examine the frequency band of interest and to exclude
higher frequency sources of noise such as heart rate and respiration
(Biswal et al., 1995; Peltier et al., 2003). Second, the time course of
activity was extracted from the six striatal seed regions, selected
from Di Martino et al. (2008, MNI x y z coordinates presented
and depicted in Figure S1 in Supplementary Material: inferior

ventral striatum (VSi (£) 9 9 =8), superior ventral striatum (VSs
(£) 10 150), dorsal caudate (DC (£) 13 15 9), dorsal caudal puta-
men (DCP (%) 28 1 3), dorsal rostral putamen (DRP (£) 25 8 6),
and ventral rostral putamen (VRP () 20 12 —3). A four voxel
square on the axial plane was placed around these coordinates for
the seed. Third, the time course of the seed was unit normalized
to remove differences in variance between subjects. Fourth, the
seed region time course from the filtered data (averaged across
the four voxels) was used in a correlation analysis with all other
low-pass filtered voxels in the brain to form functional connec-
tivity maps for each striatal seed region in each participant. Z
scores from each participant were entered into the group-level
random effects analyses, which were carried out using SPM5. We
first evaluated the functional connectivity maps associated with
each seed region in PD OFFE, PD ON, and controls separately, using
a threshold of p < 0.05 family-wise error (FWE) correction and
an extent voxel threshold of 100 (Nichols and Hayasaka, 2003).
At FWE <0.05, control group results showed significant clusters
across the whole brain for all seed regions; thus, connectivity maps
generated from the different seed regions were indistinguishable.
Thus we report the control group results with a more stringent
threshold of FWE <0.001. An uncorrected threshold of p < 0.001
and extent voxel threshold of 10 was used for between group com-
parisons of connectivity maps. Comparisons of either PD OFF
or PD ON to the control group were performed with between
subjects -tests, whereas comparison of PD OFF and PD ON was
done using a within subjects ¢-test. We also performed an regions
of interest (ROI) analysis comparing the connectivity strengths
between PD OFF versus PD ON in the brain regions identified
from the PD OFF versus control group comparison in order to
determine whether L-DOPA corrects for the elevated connectivity
in these regions. ROIs were defined as the voxel clusters identified
from the PD OFF versus control group comparison of connectiv-
ity maps. For example, for the inferior ventral striatum network,
the whole cluster in the dorsomedial thalamus (see Figure 3 and
Table S5 in Supplementary Material.) was used as an ROI and the
mean connectivity strength across all voxels within this region was
compared between PD OFF and PD ON using a paired #-test. In
cases in which there were multiple ROIs associated with one seed
region (i.e., dorsal caudal putamen and dorsal rostral putamen),
repeated measures ANOVA using ROI and medication status as
within subject factors was performed.

We also combined the connectivity maps associated with the
three caudate seed regions (inferior ventral striatum, superior
ventral striatum, and dorsal caudate) and the three putamen seed
regions (dorsal caudal putamen, dorsal rostral putamen, and ven-
tral rostral putamen) using the ImCalc applet in SPMS5 to perform
numerical addition of the three connectivity maps (Di Martino
et al. 2008). Direct comparison of the caudate and putamen con-
nectivity maps were performed in controls, PD OFF and PD ON
separately using an uncorrected threshold of p < 0.001 and extent
voxel threshold of 10.

FREQUENCY CONTENT ANALYSIS OF THE fMRI BOLD SIGNAL

The extracted fMRI BOLD timecourses from the six striatal
seeds were transformed into the frequency domain using Fast
Fourier Transformation in Matlab. We low pass filtered our data
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at 0.08 Hz, and thus we were only able to look at the power
spectrum between 0.0 and 0.08 Hz. For the normalization of the
frequency data we took the following steps. We first divided the
0.08 Hz spectrum into eight frequency bands of approximately
0.01 Hz bandwidth each. We then computed the percentage of
the total power contained within each frequency band. Repeated
measures ANOVA was used to compare the normalized power
content across the eight frequency bands for PD ON and OFF
medication, and a mixed model ANOVA was used for the com-
parison of the PD patients to the controls using frequency bands
as a within subject factor and group (PD OFF versus controls)
as a between subject factor. The Huynh—Feldt epsilon (Huynh
and Feldt, 1970) was used to determine whether the repeated
measures data met the assumption of sphericity (£ > 0.75). In
cases where the sphericity assumption was not met, the F statistic
was evaluated for significance using the Huynh—Feldt adjusted
degrees of freedom.

RESULTS

BEHAVIORAL DATA

We evaluated patients’ performance on the UPDRS, MMSE,
MOCA, and grooved pegboard tests between the ON and OFF
L-DOPA states using paired t-tests. Pegboard performance was
analyzed separately for the more and less affected sides. Motor
symptoms measured by UPDRS were significantly worse in PD
OFF than PD ON (t,, = -2.33, p < 0.05), and pegboard perform-
ance for the more affected side was significantly worse for PD
OFF than PD ON (t,, = —2.88, p < 0.01). These results indicate
that L-DOPA significantly improved motor functioning of the
patients, and the improvement was most apparent in the more
affected side.

STRIATAL FUNCTIONAL CONNECTIVITY IN CONTROLS, PD OFF,

AND PD ON

We present our connectivity analyses using the seeds placed in
the more affected hemisphere; results were generally similar in
the less affected hemisphere. We first identified striatal functional
connectivity maps for the control group to evaluate the anatomi-
cal plausibility of the networks (FWE correction of <0.001). In

general, the results paralleled previous findings (Di Martino et al.,
2008; Kelly etal., 2009) (Figure 1). Networks for the three caudate
seeds followed the ventral-dorsal distinction of cortico-striatal
connectivity, such that the inferior ventral striatum showed con-
nectivity with the ventral medial prefrontal areas and anterior
cingulate cortex while the superior ventral striatum and dorsal
caudate showed connectivity with the more dorsal and lateral
areas of the prefrontal cortex including the dorsolateral prefron-
tal cortex (BA 46) (Table S2 in Supplementary Material). The
three putamen seeds showed connectivity with the primary and
secondary motor cortical areas as well as prefrontal and parietal
association cortical regions (Table S2 in Supplementary Material).
Our data also showed that there was less specificity of cortico-
striatal connectivity across the six striatal seed regions compared
to previous studies (Di Martino et al., 2008). For example, we
found motor cortical areas associated with the caudate seeds
and significant involvement of prefrontal areas associated with
the three putamen seeds. This may be due to the effect of age-
related decreases in the specificity of functional networks in older
adults, since our control group mean age was 63 years (cf. Park
and Reuter-Lorenz, 2009; Seidler et al., 2010). This remains to be
evaluated in future studies.

We found relatively similar cortico-striatal connectivity patterns
in each of our patient groups (Figure S2 in Supplementary Material,
Tables S3 and S$4 in Supplementary Material). The decreased spe-
cificity of the functional connectivity patterns of the six striatal
seed regions was also present in the patient groups. In order to
determine the distinctiveness of the cognitive and motor networks
we directly compared the connectivity maps for caudate and puta-
men seeds in each group. In the control group, the regions showing
greater correlations with the caudate seeds than the putamen seeds
included the ventromedial prefrontal cortex, posterior cingulate
and the parahippocampal gyrus (Figure 2, Table 1). The regions
showing greater correlation with the putamen seeds than the cau-
date seeds included the primary and supplementary motor areas
(Figure 2, Table 1). In PD OFF and PD ON however we did not
find any regions other than the caudate and putamen themselves
to be more correlated with caudate or putamen seed regions, with
the exception of the dorsal prefrontal cortex (BA 8) in PD OFF and

preCu, precuneus.

Cognitive and motor networks in controls

Pre-SMA

FIGURE 1 | An example of cognitive (seed: inferior ventral striatum, red) and motor (seed: dorsal rostral putamen, blue) networks in controls. z= -15, -5,
15, 35, 45, 55 and x = 5 from left to right (FWE-corrected p < 0.001). VMPFC, ventromedial prefrontal cortex; cau, caudate; put, putamen; Pre-SMA,
pre-supplementary motor area; SMA, supplementary motor area; SPL, superior parietal lobule; M1, primary motor area; CMA, cingulate motor area;
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Control

FIGURE 2 | Regions showing greater connectivity with caudate seeds (VSi,
VSs, and DC combined) than with putamen seeds (DCP DRP, and VRP
combined) in red and regions showing greater connectivity with putamen

seeds than with caudate seeds in blue (p < 0.001, uncorrected). PCC,
posterior cingulate cortex; SMA, supplementary motor area; SFG, superior
frontal gyrus; MFG, middle frontal gyrus; cau, caudate; put, putamen.

Table 1| Direct comparisons between caudate seeds combined and putamen seeds combined.

Contrast Region BA MNI coordinates T-value
x y z

CONTROL

Caudate > putamen Caudate -12 14 8 264.45
Inferior temporal gyrus 20 -68 -20 -14 6.13
Parahippocamal gyrus 36 -26 -18 -22 5.75
Middle frontal gyrus i 34 38 =14 4.92
Rectal gyrus M 8 32 -18 4.14
Superior frontal gyrus 10 -28 66 14 4.48
Posterior cingulate gyrus 23 6 -58 20 4.19
Inferior frontal gyrus 47 -52 32 -12 3.96

Putamen > caudate Putamen -28 0 2 276.94
Precentral gyrus 6 46 12 6 6.02
Medial frontal gyrus (pre-SMA) 6 6 4 56 4.32
Superior frontal gyrus 9 32 50 34 5
Precuneus 7 18 -58 46 4.59
Postcentral gyrus 7 28 -b4 70 3.9
Superior temporal gyrus 22 66 -8 6 4.64
Inferior frontal gyrus 47 54 36 -2 4.25
Inferior parietal lobule 40 -56 -38 46 3.87
Ventral posterior medial thalamus 18 =22 4 3.75

PD OFF

Caudate > putamen Caudate 6 12 12 4.61
Middle frontal gyrus 8 -30 10 40 4.23

Putamen > caudate Putamen -26 -2 -2 4.33

PD ON

Caudate > putamen Caudate -6 20 4 Inf
Middle frontal gyrus 9 -28 26 34 3.66

Putamen > caudate Putamen =22 6 —6 4.33

Inf, infinite T-value.

the dorsolateral prefrontal cortex (BA 9) in PD ON which exhib-
ited greater correlated activity with the caudate than the putamen
(Figure 2, Table 1). These results indicate that in both PD OFF and
PD ON there is decreased specificity of the caudate and putamen

functional connectivity patterns.

COMPARISON OF CAUDATE VERSUS PUTAMEN FUNCTIONAL

CONNECTIVITY IN CONTROLS, PD OFF, AND PD ON
Next, we compared the connectivity maps associated with each seed
region between groups. We first compared PD OFF to controls.
We found increased functional connectivity in PD OFF compared
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Inferior ventral striatum

dmThal

G Dorsal rostral putamen

ACG~ "

Ventral rostral putamen

IFG—f?
f

FIGURE 3 | Regions showing greater connectivity with the striatal seeds
for PD OFF than controls (p < 0.001, uncorrected). No results were found in
the other seeds or for the contrast of controls greater than PD OFF. dmThal,
dorsomedial thalamus; ACC, anterior cingulate cortex; VMPFC, ventromedial
prefrontal cortex; IFG, inferior frontal gyrus; RG, rectal gyrus; MTG, middle
temporal gyrus.

to controls with the following seed regions: inferior ventral stria-
tum, ventral rostral putamen, dorsal caudal putamen, and dorsal
rostral putamen (Figure 3, Table S5 in Supplementary Material).
Regarding the first two seeds, connectivity between the inferior
ventral striatum and the dorsomedial thalamus and connectivity
between the ventral rostral putamen and the ventromedial prefron-
tal gyrus was increased in PD OFF compared to controls. For dorsal
caudal putamen, the inferior temporal gyrus, anterior cingulate
cortex and superior frontal gyrus showed greater connectivity in
PD OFF than controls. For dorsal rostral putamen, the ventrome-

dial prefrontal cortex, the anterior cingulate, and the middle and
inferior temporal gyrus showed greater connectivity in PD OFF
than controls. The increased connectivity in PD OFF was most
significantly found in the two dorsal putamen seeds, and we did
not find any regions showing greater connectivity for the caudate
seeds except for inferior ventral striatum. There were no regions
that showed greater connectivity in controls than PD OFFE. These
results indicate that PD patients show greater cortico-striatal func-
tional connectivity compared to controls specifically in the dorsal
putamen seeds. It is of note that the denervation of dopamine
in PD is most prominent in the dorsal and posterior striatum,
including the dorsal putamen, which is selectively affected in the
earlier stages of the disease (Braak et al., 2003, 2006). Considering
that the PD patients in the current study were all in the relatively
early stages of the disease, our results indicate that increases in
functional connectivity are more prominent in the early disease
affected striatal subregions.

We also compared PD ON to controls. In general we found
decreased cortico-striatal functional connectivity in PD ON com-
pared to controls (Figure 4, Table S6 in Supplementary Material).
Decreases in connectivity were found in the primary and supple-
mentary motor areas and the associative prefrontal and parietal
regions irrespective of seed location. No regions exhibited greater
connectivity for any of the striatal seeds in PD ON than controls.

Lastly, we compared connectivity maps for PD OFF versus
PD ON. We found increased connectivity of the striatal seeds
in PD OFF compared to PD ON, and the brain regions showing
increased connectivity with each seed were part of the functional
network associated with that particular seed (Figure 5, Table S7 in
Supplementary Material). That is, for the caudate seeds, increased
connectivity in PD OFF compared to PD ON was found in the
ventromedial prefrontal (BA 11) and orbitofrontal (BA 10) regions
for inferior ventral striatum, dorsolateral prefrontal (BA 46) and
frontal eye field (BA 8) regions for superior ventral striatum and
dorsal caudate. For the putamen seeds, increased connectivity in
PD OFF compared to PD on was observed in the primary and
secondary motor areas (BA 4, BA 6). There were no regions that
showed greater connectivity in PD ON than PD OFE These results
indicate that L.-DOPA decreases the abnormally high functional
connectivity in PD, with specific effects on the functional networks
associated with each cortico-striatal seed. However, our findings
indicate that L-DOPA reduces cortico-striatal connectivity in PD to
a greater extent than is necessary as evidenced by overall decreased
connectivity in PD ON compared to controls.

The brain regions identified in the voxel-wise comparison of
connectivity maps between PD OFF and PD ON did not neces-
sarily overlap with the regions identified by the PD OFF versus
control group comparison. That is, from the voxel-wise compari-
son results we could not determine whether L-DOPA corrected
the aberrantly elevated functional connectivity in PD. In order to
address this, we performed an ROI analysis comparing the connec-
tivity strengths between PD OFF and PD ON in the brain regions
identified from the PD OFF versus control group comparison. The
mean connectivity strengths across all voxels within the ROIs were
compared between PD OFF and PD ON. For the inferior ventral
striatum seed region, we found that mean connectivity strength
with the dorsomedial thalamus was significantly lower in PD ON
than PD OFF (t,, = 2.44, p < 0.05, Figure S3A in Supplementary
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FIGURE 4 | Regions showing greater connectivity with the striatal seeds
in controls than PD ON (p < 0.001, uncorrected). No results were found for
the contrast of PD ON greater than controls. VSi, inferior ventral striatum;
VSs, superior ventral striatum; DC, dorsal caudate; DCR, dorsal caudal
putamen; DRR dorsal rostral putamen; VRPF, ventral rostral putamen; M1,

DRP VRP

FEF
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primary motor cortex; SMA, supplementary motor area; pre-SMA, pre-
supplementary motor area; DLPFC, dorsolateral prefrontal cortex; Cr I,
cerebellum Crus Il, STG, superior temporal gyrus; SFG, superior frontal
gyrus; FEF, frontal eye field; cu, cuneus; MFG, middle frontal gyrus;
PCG, postcentral gyrus.

Material). For dorsal caudal putamen, which had multiple ROIs
associated with it, repeated measures ANOVA showed a significant
main effect of medication status (F, ,, =9.22, p <0.01, Figure S3B
in Supplementary Material), reflecting an overall decrease in con-
nectivity strength in PD ON compared to PD OFF For dorsal rostral
putamen we found a marginally significant main effect of medica-
tion status (F, ,, = 3.66, p = 0.068, Figure S3C in Supplementary
Material), reflecting an overall decrease in connectivity strength
in PD ON compared to PD OFE For ventral rostral putamen,
connectivity strength with inferior frontal gyrus was lower in PD
ON than PD OFF but was only marginally significant (z,, = 1.81,
p = 0.08, Figure S3D in Supplementary Material). These results
demonstrate that L.-DOPA indeed corrects for the elevated con-
nectivity in the brain regions that show increased connectivity for
PD OFF compared to controls.

FREQUENCY CONTENT ANALYSIS

Comparison of connectivity maps between groups showed that there
was an overall elevation of cortico-striatal functional connectivity
in PD and that L-DOPA decreased this heightened connectivity. In
order to determine whether increased connectivity in PD is associ-

ated with a change in oscillatory activity of the striatal BOLD signal
in the resting state, we performed a frequency content analysis of the
BOLD signal time course extracted from the six striatal seed regions.
We first compared PD OFF to controls using a mixed between and
within subjects ANOVA with group as a between subjects factor and
frequency bands as a within subjects factor in each seed separately.
Since we analyzed the normalized power (total power of the eight
frequency bands being 100%) there was inherently no main effect
of group. We found significant group by frequency band interac-
tions for the inferior ventral striatum (F4,49,210A34 =2.39, p < 0.05),
dorsal caudate (F, ,,, = 2.01, p = 0.05) and dorsal caudal putamen
(F, ;5 = 246, p < 0.05). We followed these up with two sample
t-tests comparing the frequency content of PD OFF and controls
in each frequency band for these seed regions. We found significant
differences in the frequency content in 0.02—-0.03 Hz for inferior
ventral striatum (¢,, = 2.45, p <0.05) and dorsal caudate (¢,, = 2.11,
p<0.05),and in 0.03-0.04 Hz for dorsal caudal putamen (¢, =2.27,
p <0.05). Normalized mean signal power was significantly greater
in PD OFF than controls in these frequency ranges (Figure 6). A
concomitant decrease in signal power for PD OFF was seen in the
range of 0-0.02 Hz, although it did not reach significance.
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FIGURE 5 | Regions showing greater connectivity with the striatal seeds in
PD OFF than PD ON (p < 0.001, uncorrected). No results were found for the
contrast of PD ON greater than PD OFF. VSi, inferior ventral striatum; VSs,
superior ventral striatum; DC, dorsal caudate; DCR, dorsal caudal putamen; DRP
dorsal rostral putamen; VRP ventral rostral putamen; OFC, orbital frontal cortex;
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VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromedial prefrontal cortex;
DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye field; M1, primary motor
cortex; SFG, superior frontal gyrus; STG superior temporal gyrus; dmThal,
dorsomedial thalamus; MTG, middle temporal gyrus; cu, cuneus; Cr |, cerebellum
crus |; IPL, inferior parietal lobule; PCG, post central gyrus; preCu, precuneus.

We also compared the power content for PD OFF versus PD
ON across the eight frequency bands for each striatal seed region
using repeated measures ANOVA. We found significant medica-
tion by frequency band interactions for superior ventral striatum
(F. .=3.53,p<0.005),dorsal caudate (F =4.42,p<0.005),

7,168 3.97,95.18

dorsal caudal putamen (F, ,, |, .. =2.73,p <0.05) and a marginally
significant interaction for dorsal rostral putamen (F; , ,,,, = 2.2,
p =0.057) (Figure 7). We followed up with paired #-tests compar-
ing the frequency content of the signals for PD OFF versus PD
ON in each frequency band for these seed regions. The results
showed that across the four seeds, there was a significant difference
between PD OFF and PD ON in the frequency range 0-0.02 Hz
and 0.03-0.05 Hz. In general, signal power in 0.03-0.05 Hz was
greater in PD OFF than PD ON with a concomitant decrease in
power in the 0-0.02 Hz range (VSs: 0-0.01 Hz, t,, = -3, p < 0.01;
DC: 0-0.01 Hz, t,, = 2.4, p < 0.05, 0.01-0.02 Hz, t,, = —2.75,
p < 0.05, 0.04-0.05 Hz, t,, = 2.62, p < 0.05; DCP: 0-0.01 Hz,
t, = —2.03, p = 0.053, 0.03-0.04 Hz, t, = 2.48, p < 0.05; DRP:
0.03-0.04 Hz, t,, = 2.58, p < 0.05). Taken together with the results

arising from the comparison of PD OFF to controls, these data
demonstrate that there is relatively greater power for the resting
state BOLD signal oscillations in the 0.02-0.05 Hz frequency band
for PD OFF and L-DOPA decreases the elevated oscillations in this
frequency range.

In order to determine whether this L-DOPA-associated change
in power content within these specific frequency bands modulates
L-DOPA-associated connectivity differences in any brain regions,
we performed an exploratory voxel-wise correlation analysis. In
this analysis, we performed a voxel-wise regression using the OFF
and ON difference in the normalized signal content and the OFF
and ON connectivity difference. Considering that both the com-
parisons of PD OFF to controls and PD OFF to PD ON showed
significantly increased power in the 0.02—0.05 Hz range, we used
the OFF-ON normalized signal content of the frequency bands
that showed significantly greater power for PD OFF than PD ON
(i.e., 0.04—0.05 Hz for dorsal caudate, 0.03—0.04 Hz for dorsal
caudal putamen and dorsal rostral putamen) and the OFF-ON
connectivity maps. Analyses were performed within brain regions
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FIGURE 6 | Normalized power across the eight frequency bands in
controls and PD OFF. Each band consists of approximately 0.01 Hz bandwidth.
A significant group by frequency band interaction was found in inferior ventral
striatum (VSi), dorsal caudate (DC), and dorsal caudal putamen (DCP) with PD
OFF showing greater signal content in the 0.02-0.04 Hz range of the frequency
band than controls. Error bars indicate standard error. *p < 0.05.

that showed greater OFF than ON functional connectivity using
an explicit mask of the OFF—ON connectivity map thresholded
at p < 0.05, uncorrected. The correlation analyses within these
masks were thresholded at p < 0.005 uncorrected with a voxel
extent threshold of 10. The results showed that for dorsal caudate,
the OFF-ON frequency content difference in 0.04—0.05 Hz was
positively correlated with OFF-ON connectivity differences within
the dorsomedial thalamus. That is, greater L-DOPA-associated
decreases in power in this frequency band were associated with
greater decreases in connectivity strength between the dorsal cau-
date and the dorsomedial thalamus (Figure 8). A similar result was
found for dorsal caudal putamen, which exhibited a significant

positive correlation between the OFF-ON frequency content dif-
ference in 0.03-0.04 Hz and OFF-ON connectivity with the dor-
somedial thalamus (Figure 9).

We also performed a correlation analysis between the OFF and
ON difference in frequency content of the 0.03—0.05 Hz and the OFF
and ON difference in behavioral measures to determine whether the
change in frequency content is correlated with the medication-asso-
ciated changes in behavior. We used OFF-ON frequency content and
OFF-ON behavioral performance measured with MOCA, grooved
pegboard,and UPDRS. We only found a significant negative correla-
tion between OFF—ON frequency content of 0.04—0.05 Hz in dorsal
caudate with the OFF-ON difference in MOCA score (r = —0.44,
p < 0.05) (Figure 10). That is, the greater the L-DOPA-associated
decrease in power in this frequency band of dorsal caudate, the
greater the improvement in MOCA performance.

Collectively, the results from our frequency content analyses of
the resting state BOLD time course in the six striatal seed regions
indicate that there is a relative increase in BOLD signal oscillations
in the 0.02—0.05 Hz range in PD, and L-DOPA mitigates this effect.
The L-DOPA-associated decrease in the frequency content in this
range modulated the change in connectivity strength between dor-
sal caudate and thalamus and dorsal caudal putamen and thalamus.
Moreover, for dorsal caudate, the change in frequency content due
to medication also modulated the L-DOPA associated change in
cognitive performance.

DISCUSSION

We observed hyperconnectivity of the cortico-striatal networks in
PD patients, which was mitigated by L-DOPA. Comparisons of
connectivity maps between PD OFF and PD ON showed decreased
connectivity with L-DOPA in brain regions that are known to be
anatomically connected to each of the seed regions. Additional
ROI analyses comparing connectivity strength between PD OFF
and PD ON within the regions that showed hyperconnectivity in
PD OFF compared to controls also revealed a general decrease
in connectivity strength with L-DOPA. It is of note however, that
down-regulation of connectivity strength in these ROIs was not
observed across the board. Therefore, although L-DOPA normal-
ized the PD-associated hyperconnectvity it was more effective
in some ROIs than others. Hyperconnectivity in PD patients is
explained by the shift in the frequency content of the resting state
striatal BOLD signal oscillations in PD patients. More specifically,
we found that PD patients OFF L-DOPA had increased functional
connectivity between striatal seed regions and cortical areas com-
pared to controls in the two dorsal putamen seeds, which are known
to be the most disease-affected subregions of the striatum in the
early disease state (Bernheimer et al., 1973; Kish et al., 1988; Frey
etal., 1996; Rakshietal., 1999; Braak et al., 2003, 2006). This hyper-
connectivity for PD OFF was also seen in a whole-brain comparison
relative to PD ON. Furthermore, the regions showing greater func-
tional connectivity for PD OFF than ON reflected the specificity
of the reward, cognitive and motor circuitry of the cortico-striatal
pathways. For example, the regions showing greater connectivity
with the inferior ventral striatum in PD OFF than PD ON were
structures typically involved in reward processing such as the orbital
frontal and ventromedial prefrontal cortex (Haber and Knutson,
2010). The regions showing greater connectivity with the dorsal
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FIGURE 7 | Normalized power across the eight frequency bands in PD ON and PD OFF. Significant group by frequency band interactions were observed for the
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S
=
[}
3
o
o
T
N = OFF
©
E ON
(=]
4
bin1 bin2 bin3 bin4 bin5 bin6é bin7 bin8
g
<
[
3
[*]
(=%
E uOFF
= ON
13
£
o
=z
bin1 bin2 bin3 bin4 bin5 bin6é bin7 bin8
2 VRP
18
g
=
(g
H
o
o
§ BOFF
= ON
£
£
(=]
=2

bin1 bin2 bin3 bin4 bin5 bin6é bin7 bin8

Frequency bands (x 102 Hz)

caudate in OFF than ON included the dorsolateral prefrontal cortex
which is part of the cognitive cortico-striatal loop (Alexander et al.,
1986), whereas for the putamen seeds, differences in connectivity
strength were found with the primary and secondary motor corti-
cal areas. These results indicate that there is an increase in the level
of connectivity between striatal regions and their selective cortical
targets in PD patients.

The increased connectivity we found in PD patients compared
to controls is somewhat unique to this clinical group since other
studies have widely shown disrupted connectivity in patients with
autism, depression, schizophrenia, and stroke (Greicius, 2008;
Monk et al., 2009; van Meer et al., 2010; Vercammen et al., 2010).
However, our observation of hyperconnectivity in PD patients
OFF medication and down-regulation of this hyperconnectiv-
ity by administration of L-DOPA, is in alignment with previous
studies reporting increased oscillatory neural activity of the basal
ganglia and heightened synchronous activity across the basal
ganglia thalamocortical networks in dopamine depleted states
including PD (Costa et al., 2006; Gatev et al., 2006; Hammond
etal., 2007; Eusebio et al., 2009). According to these reports, the
pathological state of dopamine depletion results in increased

synchronous oscillatory activity in the basal ganglia and its asso-
ciated networks. Therapeutic measures such as dopaminergic
medications and deep brain stimulation have been shown to
reduce these oscillations and the associated increase in coherent
neural activity across networks (Brown et al., 2001; Williams
et al., 2002; Priori et al., 2004; Silberstein et al., 2005). The
increase in cortico-cortical coupling seen in EEG data from PD
patients has been shown to be associated with symptom sever-
ity (Silberstein et al., 2005). Additionally, decreases in cortico-
cortical coupling due to L-DOPA and deep brain stimulation
correlate with clinical improvement (Silberstein et al., 2005).
The effect of dopaminergic modulation on coherence of oscil-
lations in the basal ganglia thalamocortical networks has been
shown in healthy individuals as well (Honey et al., 2003). Honey
et al. (2003) assessed the changes in cortico-striatal network
connectivity associated with different states of dopaminergic
transmission caused by drug administration in healthy older
adults. The authors observed increased functional connectivity
between caudate and thalamus/ventral midbrain in decreased
dopamine transmission states caused by Sulpiride, a dopamine
D2 antagonist (Honey et al., 2003).
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FIGURE 8 | Correlation between the difference in OFF and ON frequency
content and OFF and ON connectivity in dorsal caudate. OFF-ON
frequency content difference in 0.04-0.05 Hz of dorsal caudate was positively
correlated with OFF—ON connectivity within the dorsomedial thalamus

(p < 0.005 uncorrected using the OFF-ON connectivity map as a mask).

FIGURE 9 | Correlation between the difference in OFF and ON frequency
content and OFF and ON connectivity in dorsal caudal putamen. OFF-ON
frequency content difference in 0.03-0.04 Hz was positively correlated with
OFF-ON connectivity differences within the dorsomedial thalamus (p < 0.005,
uncorrected using OFF-ON connectivity map as a mask).
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FIGURE 10 | Correlation between the difference in OFF and ON frequency content and OFF and ON MOCA performance difference. OFF-ON frequency
power in 0.04-0.05 Hz of dorsal caudate (DC) negatively correlated with OFF-ON performance difference in MOCA (r=0.44, p < 0.05).

Oscillatory neural activity in PD and its modulation by drug
and deep brain stimulation therapies have been examined by ana-
lyzing the frequency content of local field potential recordings or
EEG/MEG data (Silberstein et al., 2003, 2005; Kuhn et al., 2004,
2006; Priori et al., 2004; Foffani et al., 2005; Weinberger et al., 2006;
Stoffers etal.,2008). Some of these studies report that the PD-related

increase in signal frequency content is most prominent in the beta
frequency band (10-35 Hz) (Kuhn et al., 2004, 2006; Foffani et al.,
2005; Weinberger et al., 2006). Others have found increased power
in lower frequency bands including theta, alpha 1 and alpha 2 in PD
(Stoffers et al., 2008). Studies evaluating the effect of dopaminergic
therapy on modulation of brain signal frequency content have also
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shown that with medication, power decreases in the frequency range
close to the beta band and concomitantly increases in the lower fre-
quency band (2-7 Hz) (Silberstein et al., 2003; Priori et al., 2004).

In the current study, we compared the frequency content of the
BOLD signal time course extracted from the striatal seed regions
across medication states and between PD patients and controls.
Due to the rate of fMRI data acquisition and BOLD signal pre-
processing including low pass filtering, we were only able to look
at the frequency range below 0.08 Hz. However, given the sluggish
nature of the hemodynamic response function (Haller and Bartsch,
2009), this should be sufficient to capture the frequency range of
interest. We found an increase in power content of frequency
bands in the range of 0.02-0.05 Hz and a decrease in power in the
range of <0.02 Hz for PD OFF compared to PD ON and controls.
Furthermore for the comparison of PD OFF and PD ON, there
were no significant interactions between medication and frequency
bands for the inferior ventral striatum and the ventral rostral puta-
men. These two regions are the most ventral among the six seed
locations, and are thus relatively intact in the early stages of PD
(Bernheimer et al., 1973; Kish et al., 1988; Frey et al., 1996; Rakshi
et al., 1999; Braak et al., 2003, 2006). Given this, our results sug-
gest that L-DOPA affects a specific frequency range of resting state
BOLD signal oscillations, and this effect is present in the more
disease affected subregions of the striatum.

An exploratory analysis was performed to determine whether
the L-DOPA-associated change in the resting state BOLD frequency
content modulated the L-DOPA-associated connectivity differences
in any brain regions. We used the frequency bands that showed a sig-
nificant difference in signal content between PD ON and OFF. Our
results showed that differences in signal content of the frequency
band modulated the difference in connectivity strength between
dorsal caudate and dorsomedial thalamus and also between dor-
sal caudal putamen and dorsomedial thalamus. That is, the more
L-DOPA reduced power in the particular frequency band, the greater
the reduction in connectivity between the striatal seed regions (i.e.,
dorsal caudate and dorsal caudal putamen) and dorsomedial tha-
lamus. It is of note that the dorsomedial thalamus was commonly
found in these analyses. Dorsomedial thalamus has traditionally
been considered as the relay station for prefrontal and limbic con-
nections and is involved in attention and alertness (Smythies, 1997).
However, recent studies report the involvement of the dorsome-
dial thalamus in cortico-striatal circuitries (Cheatwood et al., 2003;
Kunzle, 2006). Considering that our approach was exploratory,
future studies are warranted to confirm these particular L.-DOPA
modulation effects in dorsomedial thalamus.

The L-DOPA-associated change in frequency content of the
dorsal caudate signal was correlated with change in MOCA per-
formance between ON and OFF L-DOPA. In other words, the
more that .-DOPA reduced signal content in the frequency band
the greater MOCA performance improved. To our knowledge, this
is the first finding that shows L-DOPA associated shift in neural
oscillation affects change in cognitive performance. Previously
studies have shown that change in neural oscillation due to medi-
cation is correlated with motor improvement (Silberstein et al.,
2005), however there has been no reports in terms of the rela-
tionship with cognitive improvements. Notably, the seed region
we found this relationship with cognitive improvement in is the

dorsal caudate, which predominantly has connections with the
lateral prefrontal areas including the dorsolateral prefrontal cortex
(Di Martino et al., 2008).

Our data showed some parallel findings to previous studies
demonstrating changes in oscillatory neural activity in PD patients.
Specifically we found changes in the low-frequency spontaneous
fluctuations of the BOLD signal in PD patients at rest. A careful
interpretation of our data is necessary however since the nature
of BOLD signal oscillations could be different from oscillatory
activity represented in local field potentials or EEG in previous
studies (Silberstein et al., 2003, 2005; Kuhn et al., 2004, 2006;
Priori et al., 2004; Foffani et al., 2005; Stoffers et al., 2008). The
frequency range in our resting state BOLD signal was limited to
below 0.08 Hz due to the nature of the neurovascular coupling
(Haller and Bartsch, 2009) whereas the frequency range for local
field potentials or EEG recordings is not limited to this low fre-
quency range. Recently efforts have been made to understand the
nature of the BOLD signal, in particular its relationship to neu-
ral activity. Simultaneous intracortical recordings and fMRI have
demonstrated that the BOLD signal correlates with both local
field potentials and multi-unit activity, but it is more accurately
predicted by local field potentials (Logothetis et al., 2001; Goense
and Logothetis, 2008). Simultaneous EEG and fMRI studies have
also shown that patterns of fMRI activation can be explained by
the frequency content of the EEG signal (Moosmann et al., 2003;
Laufs, 2008; de Munck et al., 2009; Britz et al., 2010; Musso et al.,
2010; Rosa et al., 2010). Additionally, studies have shown that
the frequency content of the fMRI BOLD signal has behavioral
relevance (Horovitz et al., 2008; Wu et al., 2008).

One interesting finding associated with the effect of L-DOPA in
our patient group was that it seemed to overcorrect the hypercon-
nectivity of the cortico-striatal pathways as shown by our results
comparing PD ON to controls. That is, there was an overall decrease
in the level of cortico-striatal connectivity in PD ON compared to
healthy controls. Irrespective of the striatal seed locations, there
was a predominant decrease in connectivity between the striatum
and the primary and secondary motor areas in PD ON, which was
true even for seed regions that did not exhibit a relative hypercon-
nectivity for PD OFF relative to controls. Whether this hypocon-
nectivity for PD ON relative to controls is another side effect of
L-DOPA that results in deleterious performance outcomes similar
to the “dopamine-overdose effect” (see Cools, 2006 for review; Kwak
etal.,, 2010) needs further investigation. The pattern of results may
also be due to L-DOPA's selective effects on the more denervated
striatal regions, typically the sensorimotor striatum and its motor
cortical targets (Bernheimer et al., 1973; Kish et al., 1988; Rakshi
et al., 1999; Braak et al., 2003, 2006).

As mentioned in the Results section, the resting state cortico-
striatal functional connectivity patterns in our data are in line
with previous findings. That is, separable “cognitive” and “motor”
circuitries were identified in healthy older adults and PD patients
ON and OFF L-DOPA. However, one thing we did notice was
that the cognitive and motor circuitries were less separable in our
older adult group compared to what has been reported in previ-
ous studies conducted in healthy younger adults (Di Martino et
al., 2008; Kelly et al., 2009). The reduced specificity of the cogni-
tive and motor circuitries was even more apparent in our patient
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groups. One possible explanation for this discrepancy from previ-
ous findings is that the data processing and analysis streams were
not identical to these previous studies, although we used the same
MNI coordinates for the seed regions. Another possible explana-
tion would be that the reduced specificity of the networks is due
to age-related changes in neural recruitment considering that our
participants were in their 60 s on average. Given this, the decrease
in the exclusiveness of the cortico-striatal circuitries may be due
to the age-related dedifferentiation of neural networks (Park and
Reuter-Lorenz, 2009; Seidler et al., 2010). This topic awaits fur-
ther investigation. With regards to PD, a decrease in the relative
separation of the cognitive and motor networks was even more
apparent. That is, direct comparison of the caudate and putamen
connectivity maps in the patient group demonstrated that the
relative separation of the striatal networks present in controls was
not observed in PD in either the ON or OFF L-DOPA state. This
suggests that the cognitive and motor cortico-striatal networks
become more diffuse and overlapping in PD in both the ON and
OFF medication states.

We found that PD and L-DOPA were associated with shifts in the
frequency content of resting state striatal signals, and this was corre-
lated with connectivity strength and cognitive performance change,
but not with changes in UPDRS scores. In fact the controlled dose
of L-DOPA we used across all patients did not always improve
UPDRS score, which suggests that it may have not been clinically
efficient for some patients. Additionally, we cannot directly link
the frequency range in resting state BOLD signal to the frequency

ranges that were reported in EEG or local field potential studies.
A further investigation combining EEG and resting state fMRI in
PD patients will be required to address this issue.

In conclusion, our results showing a PD-associated increase in
cortico-striatal functional connectivity and shifts in the power con-
tent of striatal signals parallel previous findings of increased coupled
neural oscillatory activity in PD, as measured with local field potentials
and EEG. Moreover we found that the L-DOPA associated changes
in BOLD signal oscillations modulate changes in connectivity and
cognitive performance associated with L-DOPA. It is particularly
interesting that our analysis of the low frequency fcMRI signal paral-
lels previous EEG analyses of neural signal content at much higher
frequencies. Considering thatlocal field potential recordings can only
be done in surgical settings and that EEG only captures cortical activ-
ity with low spatial resolution, whereas we found significant changes
with fcMRI in mild to moderate stage patients, resting state fcMRI has
great potential to be applied to further clinical research investigating
the pathophysiology, progression, and treatment of PD.
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SUPPLEMENTARY MATERIAL

FIGURE S1 | Location of the six striatal seed regions. The left shows (x = 11) the location of the three caudate seeds: inferior ventral striatum (VSi), superior
ventral striatum (VSs), and dorsal caudate (DC). The right (x = 28) shows the locations of the three putamen seeds: dorsal caudal putamen (DCP), dorsal rostral
putamen (DRP), and ventral rostral putamen (VRP).

Table S1 | Demographic and clinical variables of PD patients.

Disease Affected
Age Gender duration (years) body side HandY UPDRS_ON UPDRS_OFF
PD_01 62 M 6 R 25 15 16
PD_02 70 M 8 L 2 23 19
PD_03 70 M 7 R 2 14 21
PD_04 52 M 6 R 2.5 16 20
PD_05 71 M 13 R 25 18 24
PD_06 69 M 12 R 2 20 24
PD_07 60 M 3 R 15 10 9
PD_08 65 M 8 R 25 21 27
PD_09 63 M 7 L 25 28 28
PD_10 69 M 9 R 2 24 23
PD_1 66 M 1 L 2 9 9
PD_12 67 M 9 R 25 14 14
PD_13 73 M 2 R 25 18 14
PD_14 51 M 2 R 2 9 8
PD_15 68 M 2 L 2 25 27
PD_16 72 M 4 L 2.5 27 26
PD_17 59 F 2 R 2 5 6
PD_18 64 M 7 R 2 6
PD_19 64 M 3 L 2 28 30
PD_20 80 M 6 R 2 M 13
PD_21 50 M 3 R 1.5 13 13
PD_22 62 M 2 R 2 10 17
PD_23 51 M 3 R 25 32 37
PD_24 56 F 1 L 2 n 21
PD_25 55 F 3 R 2 15 14
Mean 63.6 5.2 2.1 170 18.6
S.D. 78 34 0.3 74 8.1
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Table S2 | MNI coordinates of the local maxima of brain regions showing functional connectivity with the six striatal seed regions in controls.

Seed Region BA MNI coordinates T-value
X y z
Inferior ventral striatum Medial frontal gyrus 32 -6 8 -8 34.22
Superior temporal gyrus 42 56 16 8 10.2
Superior ventral striatum Lingual gyrus 18 -4 72 -4 13.59
Superior parietal lobule 7 26 62 54 12.58
Inferior parietal lobule 40 46 34 54 12.4
Middle frontal gyrus 6 30 -2 56 11.89
Paracentral gyrus 6 -6 28 76 10.82
Dorsal caudate Supramarginal gyrus 40 48 50 30 13.65
Middle frontal gyrus 46 54 28 22 11.45
Middle frontal gyrus 10 32 54 18 11.34
Superior frontal gyrus 8 28 20 48 11.23
Middle temporal gyrus 21 56 30 -2 10.34
Postcentral gyrus 2 42 26 40 10.16
Cerebellum Cr | 22 84 26 10.19
Dorsal caudal putamen Anterior cingulate gyrus 32 6 14 36 10.564
Postcentral gyrus 7 14 54 50 10.39
Precentral gyrus 4 34 18 58 10.21
Dorsal rostral putamen Insula 13 38 8 6 13.49
Superior frontal gyrus 9 36 46 30 12.63
Superior parietal lobule 7 10 68 56 12.52
Inferior parietal lobule 40 62 30 22 12.25
Middle temporal gyrus 19 46 74 18 11.05
Inferior frontal gyrus 44 52 4 22 10.16
Cerebellum lobule V 12 56 26 12.12
Ventral rostral putamen Superior temporal gyrus 21 58 24 12 1779
Medial frontal gyrus (SMA/pre-SMA) 6 -2 0 56 15.22
Precentral gyrus 4 44 12 54 12.14
Superior frontal gyrus 9 40 40 32 11.84
Middle frontal gyrus 9 32 44 26 11.04
Parahippocampal gyrus 30 4 48 4 10.81
Cuneus 19 16 92 28 14.41
Medulla 4 30 36 10.91
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Cognitive and motor networks in PD OFF and PD ON

FIGURE S2 | Cognitive (seed: inferior ventral striatum, red) and motor (seed: dorsal rostral putamen, blue) networks in PD OFF (top) and PD ON (bottom).
z=-15,-5, 15, 35, 45, 55. FWE-corrected p < 0.05.
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Table S3 | MNI coordinates of the local maxima of brain regions showing functional connectivity with the six striatal seed regions in PD OFF.

Seed Region BA MNI coordiates T-value
X y z
Inferior ventral striatum Superior frontal gyrus 10 4 66 10 6.92
Superior frontal gyrus 1 -6 60 -20 6.84
Posterior cingulate gyrus 23 0 -50 22 6.54
Superior temporal gyrus 41 44 -32 8 6.43
Cerebellum Cr | 24 -84 -26 8.35
Superior ventral striatum Medial frontal gyrus 10 4 68 10 10.08
Superior frontal gyrus 9 -26 48 28 73
Inferior frontal gyrus 9 56 12 24 6.58
Middle frontal gyrus 6 44 6 54 6.54
Paracentral lobule 5 -8 -44 56 5.96
Precuneus 7 -8 —66 52 6.86
Cerebellum lobule VI 42 -70 -18 6.66
Dorsal caudate Inferior temporal gyrus 20 -54 -26 14 8.39
Posterior cingulate gyrus 31 -2 -46 26 703
Supramarginal gyrus 40 =50 -54 36 6.76
Superior frontal gyrus 10 -32 64 -2 6.71
Superior temporal gyrus 13 52 -40 20 6.69
Middle frontal gyrus 8 -34 26 46 6.28
Precuneus 7 -8 -b8 44 6.25
Dorsal caudal putamen Medial frontal gyrus (SMA) 6 -2 -8 76 759
Middle frontal gyrus 6 38 2 56 745
Middle frontal gyrus 9 -42 28 34 6.93
Intraparietal lobule 40 48 -46 26 6.54
Medulla 8 -26 -34 716
Dorsal rostral putamen Posterior cingulate gyrus 30 -2 —48 18 722
Middle frontal gyrus 6 32 0 62 714
Precentral gyrus 4 50 -6 44 6.71
Precuneus 7 -4 -62 54 6.95
Lingual gyrus 18 2 -82 -6 6.76
Intraparietal lobule 40 -56 -46 44 6.62
Superior frontal gyrus 9 26 50 28 6.62
Middle frontal gyrus 9 -42 30 36 6.55
Cuneus 19 -14 -76 30 6.35
Middle temporal gyrus 39 42 =72 10 6.25
Cerebellum Cr | -24 -82 24 768
Ventral rostral putamen Middle frontal gyrus 9 -30 40 36 8.62
Middle frontal gyrus 10 38 54 0 6.57
Superior frontal gyrus 10 12 58 22 779
Medial frontal gyrus (SMA) 6 -2 -10 78 747
Lingual gyrus 19 14 -60 2 6.76
Middle occipital gyrus 19 34 -90 16 6.28
Pons 6 -18 -24 9.51

Frontiers in Systems Neuroscience

www.frontiersin.org

September 2010 | Volume 4 | Article 143 | 19



Kwak et al.

Striatal connectivity in Parkinson's disease

Table S4 | MNI coordinates of the local maxima of brain regions showing functional connectivity with the six striatal seed regions in PD ON.

Seed Region BA MNI coordinates T-value
x y z
Inferior ventral striatum Middle temporal gyrus 21 46 -12 -12 10.23
Postcentral gyrus 7 -4 -60 64 9.89
Middle frontal gyrus 8 -48 12 42 9.61
Middle frontal gyrus 6 44 4 40 758
Superior temporal gyrus 39 -46 -60 18 9.32
Anterior cingulate gyrus 24 6 12 36 8.64
Inferior frontal gyrus 45 -b4 30 4 8.19
Angular gyrus 39 48 -64 36 785
Inferior parietal lobule 7 30 =72 48 77
Cerebellum lobule 11 -12 -40 -22 9.39
Cerebellum lobule IV -30 -50 -20 8.86
Superior ventral striatum Fusiform gyrus 20 —-62 -18 -22 14.32
Superior temporal gyrus 22 —-62 12 -2 9.98
Precentral gyrus 6 44 -2 26 8.98
Supramarginal gyrus 40 -b6 -54 36 782
Dorsal caudate Middle temporal gyrus 21 -50 -16 =12 10.12
Supramarginal gyrus 40 -40 -56 36 9.13
Inferior parietal lobule 40 36 -52 38 9
Medial frontal gyrus (pre-SMA) 6 0 12 44 9.01
Middle frontal gyrus 9 40 8 42 8.96
Middle frontal gyrus 10 26 54 2 757
Posterior cingulate gyrus 31 -10 =50 28 8.69
Dorsal caudal putamen Inferior frontal gyrus 47 58 16 -2 11.06
Posterior cingulate gyrus 31 10 -40 30 791
Supramarginal gyrus 40 60 -48 22 786
Dorsal rostral putamen Posterior cingulate gyrus 31 -12 -46 28 11.27
Inferior temporal gyrus 20 -60 -20 -26 10.38
Inferior parietal lobule 40 38 -52 38 9.65
Supramarginal gyrus 40 —42 -44 36 758
Red nucleus -10 -18 -2 10.44
Cerebellum lobule IV 2 -48 -10 744
Ventral rostral putamen Superior temporal gyrus 22 52 =14 0 11.37
Supramarginal gyrus 40 60 -52 22 10.33
Fusiform gyrus 37 52 —66 -16 10.31
Precuneus 7 10 -60 44 9.37
Anterior cingulate gyrus 32 0 46 -4 9.14
Superior frontal gyrus 8 -14 40 38 8.15
Middle frontal gyrus 9 -40 8 38 6.99
Pons -6 -20 -24 8.77
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Table S5 | MNI coordinates of the local maxima of brain regions showing greater functional connectivity in PD OFF than controls.

Seed Region BA MNI coordinates Tvalue
x y z

Inferior ventral striatum Dorsomedial thalamus 0 -8 12 4.35

Dorsal caudal putamen Inferior temporal gyrus 20 48 -10 -20 4.47
Inferior temporal gyrus 21 -58 -16 -16 3.73
Middle temporal gyrus 21 b4 -18 -8 3.52
Anterior cingulate gyrus 24 -12 28 -4 4.02

Dorsal rostral putamen Rectal gyrus M 12 30 -18 4.42
Middle temporal gyrus 21 50 -6 -24 3.93
Inferior temporal gyrus 20 -46 -8 -32 3.81
Anterior cingulate gyrus 32 -18 34 -8 3.62
Orbital frontal gyrus 47 -38 26 -22 3.93
Medial frontal gyrus 10 10 60 8 3.43

Ventral rostral putamen Inferior frontal gyrus 1 -40 28 -18 3.54
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Table S6 | MNI coordinates of the local maxima of brain regions showing greater functional connectivity in controls than PD ON.

Seed Region BA MNI coordinates T-value
x y z

Inferior ventral striatum Precentral gyrus 4 -34 -20 66 413
Superior frontal gyrus 1 -24 52 -12 3.87
Superior frontal gyrus 10 =22 66 -8 3.82
Medial frontal gyrus (SMA) 6 -6 -22 68 3.73
Lingual gyrus 18 18 -92 -6 3.73
Cerebellum Cr Il -18 -82 -40 4.63

Superior ventral striatum Postcentral gyrus 3 38 -30 64 5.25
Precentral gyrus 4 -30 -16 68 4.93
Superior frontal gyrus 6 -26 2 64 3.54
Medial frontal gyrus (SMA) 6 -6 -22 72 4.07
Middle frontal gyrus 6 -32 10 50 3.7
Middle frontal gyrus 9 42 40 30 4.53
Middle frontal gyrus 10 -26 66 18 3.91
Middle frontal gyrus 8 =22 26 44 3.84
Inferior frontal gyrus 46 48 48 4 4.23
Superior parietal lobule 7 18 74 b4 3.88
Cuneus 18 -18 -90 26 3.68
Lingual gyrus 17 6 -92 -4 3.85
Globus pallidus -18 -8 -6 3.78

Dorsal caudate Postcentral gyrus 3 38 -30 70 5.99
Precentral gyrus 4 -30 -16 70 5.68
Precentral gyrus 6 32 -10 68 3.99
Middle frontal gyrus 9 42 42 30 5.17
Middle frontal gyrus 10 -36 62 18 4.1
Inferior frontal gyrus 46 48 46 4 4.07
Inferior frontal gyrus 44 -48 14 32 3.97
Superior parietal lobule 7 18 74 b4 4.89
Inferior parietal lobule 40 -50 -40 28 3.77
Middle temporal gyrus 21 -46 -54 6 3.61
Cuneus 18 -16 =102 -2 3.59
Caudate -18 -18 24 3.86

Dorsal caudal putamen Precentral gyrus 4 -36 -24 64 478
Precentral gyrus 6 22 -16 74 4.23
Medial frontal gyrus (pre-SMA) 6 -6 14 52 3.97
Medial frontal gyrus 6 18 -16 50 3.84
Medial frontal gyrus 32 -10 28 34 4.06
Middle frontal gyrus 8 -30 34 40 3.96
Middle frontal gyrus 9 36 12 34 3.46
Superior frontal gyrus 10 -32 54 26 3.71
Superior parietal lobule 7 42 -54 62 417
Lingual gyrus 17 -4 -92 -4 3.67
Postcentral gyrus 2 -40 -78 -2 3.46
Putamen -18 -10 0 3.87

Dorsal rostral putamen Precentral gyrus 4 -58 -20 40 3.567
Paracentral lobule 5 16 -36 48 3.47
Postcentral gyrus 2 -68 -24 34 3.76
Superior frontal gyrus 6 -36 -8 70 728
Superior frontal gyrus 10 -36 56 26 4.68
Superior frontal gyrus 8 -20 48 50 4.4
Middle frontal gyrus 8 46 22 46 4.06
Medial frontal gyrus 32 -10 24 36 3.7

(Continued)
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Table S6 | Continued

Seed Region BA MNI coordinates T-value
x y z
Middle frontal gyrus 9 40 48 28 3.73
Middle frontal gyrus 10 34 58 22 3.56
Inferior frontal gyrus 44 —44 16 12 4.23
Superior parietal lobule 7 -18 -82 52 4.41
Superior temporal gyrus 22 -56 -32 6 4
Middle temporal gyrus 39 -36 -70 24 3.7
Middle occipital gyrus 19 -40 74 8 4.01
Lingual gyrus 18 -4 -92 -4 3.91
Precuneus 7 -4 —62 68 3.67
Ventral rostral putamen Precentral gyrus 4 -36 -26 70 4.9

Precentral gyrus 6 -38 16 8 4.39
Medial frontal gyrus (pre-SMA) 6 -2 4 56 4.32
Middle frontal gyrus 9 -40 42 36 4.27
Inferior frontal gyrus 46 -58 36 8 4.08
Superior parietal lobule 5 16 -36 52 4.66
Lingual gyrus 18 18 -92 -6 4.45
Cuneus 17 -32 -78 10 3.89
Fusiform gyrus 37 -48 -48 -10 4.06
Transverse temporal gyrus 41 52 -16 12 3.85
Cerebellum lobule VIIIA 22 -72 —-48 4.42
Cerebellum Cr |l -8 -78 -42 3.87
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Table S7 | Brain regions showing greater functional connectivity in PD OFF than PD ON.

Seed Region BA MNI coordinates T-value
x y z
Vsi Orbital gyrus 47 4 32 -24 4.81
Rectal gyrus M -2 16 -18 4.75
Inferior frontal gyrus 47 -10 18 -18 4.41
Superior frontal gyrus 10 26 66 -8 4.74
Superior frontal gyrus 1 -20 68 -10 4.62
Lingual gyrus 18 6 -80 -4 4.05
Cerebellum Cr I 26 -84 -26 4.99
Cerebellar lobe VI -14 -78 -18 4.01
Putamen -30 -8 2 3.96
VSs Superior temporal gyrus 38 52 8 -6 4.94
Inferior frontal gyrus 46 52 44 6 4.36
Superior frontal gyrus 10 28 60 24 4.33
Precentral gyrus 6 58 8 36 3.88
Dorsomedial thalamus 4 -12 8 5.54
DC Middle frontal gyrus 46 48 36 26 4.27
Middle frontal gyrus 8 58 8 38 4.06
Dorsomedial thalamus 6 -14 6 4.48
DCP Precentral gyrus 4 32 -26 62 4.32
Precentral gyrus 6 -44 -16 64 4.52
Middle frontal gyrus 6 32 0 60 4.54
Middle frontal gyrus 8 -36 26 44 3.81
Middle temporal gyrus 21 58 =14 -8 4.34
Middle occipital gyrus 19 44 -80 14 4.08
Cuneus 19 -18 -90 32 3.92
Postcentral gyrus 2 56 -20 44 3.9
DRP Middle temporal gyrus 21 -56 =22 -12 4.52
Middle frontal gyrus 8 -40 30 46 4.1
Precentral gyrus 4 58 -18 42 4.07
Precentral gyrus 6 58 -6 38 3.96
Dorsomedial thalamus 6 -16 8 4
VRP Inferior parietal lobule 40 56 -26 32 4.43
Postcentral gyrus 3 -40 -28 60 4.25
Postcentral gyrus 1 -54 -24 54 4.15
Precentral gyrus 6 42 -18 64 3.94
Cuneus 19 -4 -80 32 3.79
Precuneus 7 -8 -64 50 3.69
Cerebellum Cr | 26 -84 -28 4.09

Frontiers in Systems Neuroscience

www.frontiersin.org

September 2010 | Volume 4 | Article 143 | 24



Kwak et al.

Striatal connectivity in Parkinson's disease

‘f‘: 80 -
s 70 -
& 60
£ 40 - I mOFF
*g'; 30 - ON
c 20 -+
5 10 -
(&)

0 -

dmThal

i 80 -
5 70 -
g 60 -
S0 ]
-
£ 2 40 I m OFF
== 30 -
03 I ON
Q
£ 201 I I
8§ 10

0 - T T T

MTG ITG_L ITG_M ACC

FIGURE S3 | Connectivity strength difference between PD OFF and PD
ON in ROIs defined in PD OFF versus controls comparison. Connectivity
strength between VSi (A), VSs (B), DRP (C), and VRP (D) and each of the
ROls are compared across PD OFF and PD ON. VSi, inferior ventral striatum;
dmThal, dorsomedial thalamus; DCR, dorsal caudal putamen; MTG, middle
temporal gyrus; ITG_L, inferior temporal gyrus in the less affected side;
ITG_R, inferior temporal gyrus in the more affected side; ACC, anterior
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cingulated cortex; DRP; dorsal rostral putamen; VMPFC, ventromedial
prefrontal gyrus; OFG, orbital frontal gyrus; RG, rectal gyrus; VRE ventral
rostral putamen; inferior frontal gyrus. Error bars indicate standard error. For
all comparisons we found significant main effect of medication status
showing decrease in strength of connectivity in PD ON compared to PD OFF
with the exception of DRP and VRP which showed marginally significant
medication main effects.
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